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Nodal Quasiparticles versus Phase Fluctuations in High Tc Superconductors:
An Intermediate Scenario
Qijin Chen, Ioan Kosztin, and K. Levina
aThe James Franck Institute, The University of Chicago, 5640 South Ellis Avenue, Chicago, Illinois 60637
We explore a BCS Bose Einstein crossover scenario for 0 ≤ T ≤ Tc and its implications for the superfluid density and
specific heat. The low lying excitations consist of nodal (fermionic) quasi-particles as well as excited (bosonic) pair states.
Semi-quantitative comparison with cuprate data is reasonable, with no compelling indications for Landau parameter effects.
1. Introduction
Within the pseudogap regime of the cuprates, it
has been widely argued that the excitations of the su-
perconducting state are predominantly fermionic[1]
or predominantly bosonic[2] in character. We have
pointed out[3] that there is a third scenario which is no
less likely and which, at the least, needs to be consid-
ered on an equal footing. This third scenario emerges
when one studies the BCS Bose-Einstein condensa-
tion (BEC) crossover picture for 0 ≤ T ≤ Tc.
At weak coupling (when the coherence length ξ is
large) the excitations are dominantly fermionic, and
at very strong coupling (small ξ) they are dominantly
bosonic. At intermediate coupling, which is likely to
be appropriate to the cuprates, the excitations are of
mixed character. In this paper we discuss the impli-
cations of this third scenario, in the context of semi-
quantitative comparisons with experiment, for the su-
perfluid density and specific heat.
There have been a number of recent papers which
have presented similar comparisons within the con-
text of the “ fermionic” or nodal quasi-particle pic-
ture, extended, however, to a Fermi liquid based in-
terpretation[4–7]. This differs conceptually from the
original formulation of Lee and Wen[1] because the
important Mott insulator constraint (ω2p ≈ x) is en-
forced via a hole concentration (x) dependent Lan-
dau parameter F s
1
which then constrains the penetra-
tion depth λ(x) via dλ−2/dT ≈ x2. These x depen-
dences are considerably different from those of the
spin-charge separation approach[1] which is based on
the presumption that dλ−2/dT is x independent.
An underlying philosophy of the present paper is
that fundamental features of the pseudogap phase
should be accommodated at the outset, before includ-
ing Landau parameter effects. Our viewpoint is dif-
ferent from the phenomenology of Lee and Wen[1]
because here Tc is associated with both nodal quasi-
particles and bosonic pair excitations. Stated alter-
natively, in the BCS-BEC crossover picture there is
an important distinction between the order parameter
∆sc and excitation gap ∆ at all temperatures.
This approach leads to a new mean field-like
theory[3] which incorporates (i) the usual BCS
equation for ∆(T ) and for (ii) the chemical po-
tential µ(T ), along with a third new equation for
(iii) ∆2 −∆2sc which is related to the number of ther-
mally excited pair (bosonic) excitations. The first two
equations enforce an underlying fermionic constraint
so that the bosons of the strong coupling limit are dif-
ferent from those of a true boson system, such as He4.
To include the Mott insulator constraint the Fermi ve-
locity vF must then be x-dependent, as shown in Fig-
ure 1a (along with experimental data), in a way which
directly reflects the x-dependence of λ(T = 0) = λo,
shown in the inset to Figure 1c. Here the parameters
were chosen to give a reasonable fit to the measured
phase diagram for the YBaCuO system[3].
2. Penetration Depth and Specific Heat
In order to calculate the penetration depth and spe-
cific heat within the present approach, the fermionic
contributions must be quantified, just as in the nodal
quasi-particle picture. This contribution is accompa-
nied by an additive bosonic component[3,8]. So as
not to complicate the logic, we compute the former,
by taking the second velocity contribution[1] v2 as
given by a perfect d-wave model; thus the x depen-
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Figure 1. Input parameters (1a,1b) to dλ−2/dT plotted in
1c, for various cuprates indicated by the legend in Fig. 2a.
Inset in 1c shows λ0 vs doping x. Data on v2 from Ref. [5],
vF from (◦) Refs. [9–12] (✷)[1,13], others (◦, Bi2212)
Refs. [11,12]; (✷, YBCO) [14,15]; (▽, LSCO) [16].
dence of v2 entirely reflects that of ∆(x), as shown in
Fig. 1b, which is in slight disagreement with the data
indicated in 1b[5]. The resulting values for the inverse
squared penetration depth are plotted in Fig. 1c, along
with a collection of experimental data. The predicted
increase at large x is a reflection of the behavior of
∆(x). Given the spread in the data for all quantities
indicated in Fig. 1, it would appear that there are no
obvious inconsistencies.
In Fig. 2 we show the x dependent coefficient of
the quadratic term (2a) in the specific heat Cv =
γ∗T + αT 2, along with the linear term (2b). The first
of these reflects the fermionic quasi-particle contri-
bution (which depends on v2 and vF ) and the second
derives purely from the bosonic contribution. Also in-
dicated are a collection of experimental data on three
different cuprates. We know of no other intrinsic ori-
gin for this γ∗ term, which despite its widespread
presence is usually attributed to extrinsic effects.
The upturn at large x in the γ∗ data, is of no con-
cern, since it is a reflection of the normal state behav-
ior (shown more completely in the inset). For over-
doped samples, at the lowest Tc ≈ 0, extrinsic,e.g.,
paramagnetic impurity, effects make it difficult to ob-
serve α and γ∗ in the intrinsic superconducting state.
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Figure 2. Quadratic (2a) and linear (2b) T contributions
to Cv in various cuprates. Data are from (▽) Refs. [17,18]
and (✷) Refs. [19–22]. Inset in 2b shows normal state re-
sult from Ref. [18]. Compare open (experiment) with corre-
sponding filled (theory) symbols. (per mol of formula units)
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